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ABSTRACT
The phenomenological implications of the eleven dimensional limit ofM-theory (strongly
coupled E8×E8) are investigated. In particular we calculate the supersymmetric par-
ticle spectrum subject to constraints of correct electroweak symmetry breaking and
the requirement that the lightest supersymmetric particle provides the dark matter of
the universe. We also calculate direct detection event rates of the lightest neutralino
relevant for non-baryonic dark matter experiments. The modulation effect, due to
Earth’s annual motion is also calculated.
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1 Introduction
In recent years it has become clear that the five perturbative string theories and the 11
dimensional supergravity are different limits in moduli space of a unique fundamental
theory. This strongly indicates an enormous degree of symmetry of the underlying
theory and its intrinsically non-perturbative nature. String duality correlates the six
corners of the moduli space. The duality transformation involves Planck’s constant h¯
and is therefore essentially quantum mechanical. One then might argue that before
we have the complete picture ofM(other)theory it is premature to make any attempt
at phenomenology. However, it may be that the corners of the moduli space capture
most of the features of the theory relevant for low-energy phenomenology 3.
One of the most interesting dualities (and the most relevant for low-energy
phenomenology) is the one in which the low-energy limit of M-theory (i.e 11D-
Supergravity) compactified on the line segment I ∼ S1/Z2 (i.e an orbifold) is equiv-
alent to the strong coupling limit of the E8 × E8 heterotic string [1]. In this picture
on one end of the line segment of length piρ live the observable gauge fields contained
in the first E8 while the hidden sector fields live in the second E8 factor on the other
end. Gravitational fields propagate in the bulk.
The main phenomenological virtue of such a framework is that due to the
extra dimension one may obtain unification of all interactions at a scale MU ∼ 3 ×
1016GeV consistent with experimental data for the low energy gauge couplings [3].
Also the analysis of gaugino condensation reveals that phenomenologically acceptable
gaugino masses, comparable with the gravitino mass m3/2, arise quite naturally in
sharp contrast to the weakly coupled case where tiny gaugino masses were troublesome
[11]. It is therefore of great importance to investigate further the phenomenological
implications of the 11-dimensional low energy limit of M-theory and to determine
any deviations from the weakly coupled case.
It is well known from observation (rotation curves) and supported by theo-
retical reasons (inflation) that most of the matter in our galaxy, and in the universe
in general consists of a new exotic form of matter beyond the standard baryonic
matter. The identification of this new form of matter is one of the most important
challenges of astroparticle physics. A convenient parametrization of matter in the
universe is given by the quantity, Ω = ρ/ρc, where ρ is the matter density of the
universe ρc = 3H
2/8piGN is the critical matter needed to close the universe, and H
is the Hubble parameter which is generally parametrized by H = 100h Km/s Mpc.
Experimentally the current evaluations of h lie in the interval 0.4 ≤ h ≤ 0.8. Infla-
tion predicts generically Ω = 1, and the quantity that enters in the particle physics
analysis is Ωh2. The COBE data indicates that there is more than one component to
the non-baryonic dark matter, namely , a hot component which consists of particles
which would be relativistic at the time of galaxy formation and a cold component
3The 11-D limit of M -theory is not gauge invariant so Horava and Witten have argued that
quantum terms are needed to restore gauge invariance [1]. See however, M. Faux’s argument for a
consistent classical limit of M -theory [2]
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which would be non-relativistic at the time of galaxy formation. The hot compo-
nent could be massive neutrinos and the cold component could be either axions, or
supersymmetric particles. In supersymmetric theories with R-parity invariance the
lightest supersymmetric particle (LSP) is stable and a very good candidate for cold
dark matter [4]. For most regions of the parameter space the LSP is the lightest
neutralino. The axion mass relevant for cosmology has been constrained recently by
experiment [5]. On the other hand experiments for the direct detection of the neu-
tralino have reported progress and soon their sensitivity will start exploring the susy
parameter space 4. It is therefore of great importance to calculate the cross section
of neutralinos with detector nuclei in the M-theory framework since such searches
are complementary to accelerator experiments. In the analysis of this paper we shall
assume the parameter space of the effective supergravity fromM-theory is limited by
0.1 ≤ ΩLSPh2 ≤ 0.4 (1)
where the LSP is identified with the lightest neutralino 5. We will discuss later on
the effect of varying the allowed range of ΩLSPh
2.
Several papers have recently analyzed the effective supergravity and the soft
supersymmetry-breaking terms emerging in the M-theory framework [8, 9, 11, 12,
13, 14, 15, 10]. Some properties of the sparticle spectrum which depend only on the
boundary conditions and not on the details of the electroweak symmetry breaking,
have been discussed in [14]. Further phenomenological implications for the supersym-
metric particle spectrum including the constraint of correct electroweak symmetry
breaking [16], have been performed in [17, 18, 19]. It is the purpose of this paper
to investigate the phenomenological implications of M-theory relevant to accelerator
experiments and the cosmological properties of the LSP, as well as the prospects for
its detection in underground non-baryonic dark matter experiments. Some of our
findings were already reported briefly elsewhere [17]. Here we shall present our cal-
culations in greater detail, and their connection with experiments to detect the LSP
as well as presenting further results for additional values of the goldstino angle.
2 Soft supersymmetry breaking-terms inM-theory
The soft supersymmetry-breaking terms are determined by the following functions of
the effective supergravity theory [15, 14]:
K = −ln(S + S¯)− 3ln(T + T¯ ) +
(
3
T + T¯
+
α
S + S¯
)
|C|2,
fE6 = S + αT, fE8 = S − αT,
W = dpqrC
pCqCr (2)
4In fact recently the DAMA/NaI Collaboration reported an indication of a possible modulation
effect in direct detection experiments for neutralinos [6].
5In string theory one can entertain the possibility of superheavy dark matter. For a recent work
see Benakli et al [7].
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where K is the Ka¨hler potential, W the perturbative superpotential, and fE6 , fE8
are the gauge kinetic functions for the observable and hidden sector gauge groups E6
and E8 respectively. Also S, T are the dilaton and Calabi-Yau moduli fields and C
α
charged matter fields. The superpotential and the gauge kinetic functions are exact
up to non-perturbative effects. The integer α = 1
8pi2
∫
J ∧ [tr(F ∧F )− 1
2
tr(R∧R)] for
the Ka¨hler form J is normalized as the generator of the integer (1,1) cohomology. Let
us give an example of how one can calculate this important parameter in Calabi-Yau
compactifications of M-theory 6. For instance in the (0, 2) Calabi Yau models the
following relations in the Chern classes hold:
c2(M) = c2(V1) + c2(V2)
c1(V1,2) = 0 mod2 (3)
We now calculate α, in Calabi-Yau manifolds defined as intersections in products of
complex projective spaces P nω:···:ωn. Then a polynomial fa(z) in the quasi-homogeneous
coordinates of P n
W
of total weight qa is a section of the line bundle O(P
n
W
) and the
Chern classes expand as
c[M||E ] =
∏m
r=1
∏nr
i=0(1 + ω
(r)
i Jr)∏k
a=1(1 +
∑m
s=1 q
s
aJs)
(4)
For example in the model of Kachru [22] in which M is defined as a complete in-
tersection of two degree six polynomials P1 and P2 in P
5
1,1,2,2,3,3 if we choose the
instanston numbers as V1 = (3, 3, 2, ; 1, 1, 1, 1, 1, 1, 1, 1) and V2 = (6, 3; 1, 1, 1, 2, 2, 2)
then c2(V1) = 7 and c2(V2) = 15 while the Chern class of the tangent bundle is
c2(M) = 22. In that case
αobs = (c2(V1)− 1
2
c2(M))
∫
J ∧ J ∧ J = −4
αhidden = (c2(V2)− 1
2
c2(M))
∫
J ∧ J ∧ J = 4 (5)
Given eqs(2) one can determine [14, 15] the soft supersymmetry breaking terms
for the observable sector gaugino masses M1/2, scalar masses m0 and trilinear scalar
masses A as functions of the auxiliary fields FS and FT of the moduli S, T fields
respectively. 7
M1/2 =
√
3Cm3/2
(S + S¯ + α(T + T¯ )
(
(S + S¯) sin θ +
α(T + T¯ ) cos θ√
3
)
,
m20 = V0 +m
2
3/2 −
3m23/2C
2
3(S + S¯) + α(T + T¯ )
6For other examples see [23, 24].
7We assume very small CP -violating phases in the soft terms. This assumption is supported
by the CP-structure of the soft terms in modular invariant string theories when the moduli are at
special algebraic points of the string moduli space[25].
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×
{
α(T + T¯ )
(
2− α(T + T¯ )
3(S + S¯) + α(T + T¯ )
)
sin2 θ
+ (S + S¯)
(
2− 3(S + S¯)
3(S + S¯) + α(T + T¯ )
)
cos2 θ
− 2
√
3α(T + T¯ )(S + S¯)
3(S + S¯) + α(T + T¯ )
sin θ cos θ
}
,
A =
√
3Cm3/2
{(
−1 + 3α(T + T¯ )
3(S + S¯) + α(T + T¯ )
)
sin θ
+
√
3
(
−1 + 3(S + S¯)
3(S + S¯) + α(T + T¯ )
)
cos θ
}
(6)
while the B-soft term associated with non-perturbatively generated µ term in the
superpotential is given by [17]:
Bµ = m3/2
[
−3C cos θ −
√
3C sin θ
+
6C cos θ(S + S¯)
3(S + S¯) + α(T + T¯ )
+
2
√
3C sin θα(T + T¯ )
3(S + S¯) + α(T + T¯ )
− 1
]
+ F S
∂lnµ
∂S
+ F T
∂lnµ
∂T
(7)
In (2),(3) the auxiliary fields are parametrized as follows [21]:
F S =
√
3m3/2C(S + S¯) sin θ,
F T = m3/2C(T + T¯ ) cos θ (8)
and θ is the goldstino angle which specifies the extent to which the supersymmetry
breaking resides in the dilaton versus the moduli sector. Also m3/2 is the gravitino
mass and C2 = 1 + V0
3m2
3/2
with V0 the tree level vacuum energy density. Note that in
the limit α(T + T¯ )→ 0 we recover the soft terms of the weakly coupled large T -limit
of Calabi-Yau compactifications [21].
3 Supersymmetric particle spectrum and relic abun-
dances of the neutralino
We now consider the supersymmetric particle spectrum and the calculation of the
relic abundance of the lightest neutralino. We also report the event rates for direct
detection. We discuss the details of this calculation in section 4.
Our parameters are the goldstino angle θ, α(T + T¯ ),signµ (which is not de-
termined by the radiative electroweak symmetry breaking constraint), where µ is the
Higgs mixing parameter in the low energy superpotential, and tan β (i.e the ratio of
4
the two Higgs vacuum expectation values tanβ =
<H02>
<H01>
) if we leave B a free param-
eter determined by the minimization of the Higgs potential. If B instead is given by
(7), one determines the value of tan β. For this purpose we take µ independent of T
and S because of our lack of knowledge of µ in M-theory. We also set C = 1 in the
above expressions assuming zero cosmological constant. For the goldstino angle we
choose three representative values: θ = 7pi
20
, pi
4
, pi
8
. The soft masses start running from a
mass R−111 ∼ 7.5× 1015GeV with R11 the extra M-theory dimension. This is perhaps
the most natural choice. However values as low as 1013 GeV are possible and have
been advocated by some authors [9]. However, the recent analysis of [11] disfavours
such scenarios. For the most part of our analysis we shall consider the former value
of R11, but we shall also comment on the consequences of the latter.
Then using (2) (3) as boundary conditions for the soft terms, one evolves the
renormalization group equations down to the weak scale and determines the sparticle
spectrum compatible with the constraints of correct electroweak symmetry breaking
and experimental constraints on the sparticle spectrum from unsuccessful searches at
LEP,Tevatron etc, and also that the LSP providing a good dark matter candidate.
Electroweak symmetry breaking is characterized by the extrema equations
1
2
M2Z =
m¯2H1 − m¯2H2 tan2 β
tan2 β − 1 − µ
2
−Bµ = 1
2
(m¯2H1 + m¯
2
H2
+ 2µ2) sin 2β (9)
where
m¯2H1,H2 ≡ m2H1,H2 +
∂∆V
∂v21,2
(10)
and ∆V = (64pi2)−1STrM4[ln(M2/Q2)− 3
2
] is the one loop contribution to the Higgs
effective potential. We include contributions from the third generation of particles
and sparticles.
Since µ2 ≫ M2Z for most of the allowed region of the parameter space [26],
the following approximate relationships hold at the electroweak scale for the masses
of neutralinos and charginos, which of course depend on the details of electroweak
symmetry breaking.
mχ±1 ∼ mχ02 ∼ 2mχ01
mχ03,4 ∼ mχ±2 ∼ |µ| (11)
In (11) mχ±1,2
are the chargino mass eigenstates and mχ0i , i = 1 . . . 4 are the four
neutralino mass eigenstates with i = 1 denoting the lightest. The former arise after
diagonalization of the mass matrix.
Mch =

 M2 √2mW sin β
mW cos β −µ

 (12)
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We focus on the extreme M-theory limit 8 in which α(T + T¯ ) = 2. An
interesting case is when the scalar masses are much smaller than the gaugino masses
at the unification scale. 9 For instance this can be achieved by a goldstino angle
θ = 7pi
20
. In this case sleptons are much lighter compared to the gluino than in the
weakly coupled Calabi Yau compactifications of the heterotic string for any value
of θ. As a result for high values of tan β 10 there is a possibility that right handed
selectrons or the lightest stau mass eigenstate become the LSP, where the stau mass
matrix is given by the expression
M2τ =

 M211 mτ˜ (Aτ + µ tanβ)
mτ˜ (Aτ + µ tanβ) M222

 (13)
This of course is phenomenologically unacceptable [4, 20] and results in strong con-
straints in the sparticle spectrum. In fig.3 we plot the critical value of gravitino mass
mc3/2 above, (below) which mτ˜2 or me˜R < mχ01 (mν˜ < 43GeV ) versus tan β. The
acceptable parameter space lies between the upper and lower bound in fig.3. One can
see that because of the above contraint tan β ≤ 13 in this M-theory limit because the
acceptable parameter space vanishes for larger values of tanβ. We also plot in fig.4
the critical chargino mass mχ±1
,above which the right handed seleptons become the
LSP, versus tan β. In the same figure we also draw the experimental lower bound for
the chargino mass from LEP of about 83 GeV (horizontal line). The tan β dependence
of these constraints may be understood from the D-term contribution to the e˜R and
ν˜ mass formulas
m˜2i = cim
2
3/2 − di
tan2 β − 1
tan2 β + 1
M2W (14)
where the ci are some RGE-dependent constants and de˜R = − tan2 θW < 0 whereas
dν˜ =
1
2
(1 + tan2 θW ) > 0.
In the allowed region of fig.1 the LSP is the lightest neutralino χ01. Assuming
R-parity conservation the LSP is stable and consequently can provide a good dark
matter candidate. It is a linear combination of the superpartners of the photon, Z0
and neutral-Higgs bosons,
χ01 = N11B˜ +N12W˜
3 +N13H˜
0
1 +N14H˜
0
2 (15)
8 Note that in this limit the dilaton dominated scenario , i.e (θ = pi
2
) is not feasible.
9Note that the weakly coupled case scalar masses are comparable to gaugino mass m0 ∼ M at
the unification scale.
10In case we determine B from the electroweak symmetry breaking tanβ is a free parameter; also
in this case Mg˜ : mL˜L : me˜R ∼ 1 : 0.25 : 0.14
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The neutralino 4× 4 mass matrix can be written as

M1 0 −MZA11 MZA21
0 M2 MZA12 −MZA22
−MZA11 MZA12 0 µ
MZA21 −MZA22 µ 0


with 
 A11 A12
A21 A22

 =

 sin θW cos β cos θW cos β
sin θW sin β cos θW sin β


In fact the lightest neutralino in this model is almost a pure bino (B˜), which
means fg ≡ |N11|2 + |N21|2 ≫ 0.5. Most cosmological models predict that the relic
abundance of neutralinos [27] satisfies
0.1 ≤ ΩLSPh2 ≤ 0.4 (16)
We calculated the relic abundance of the lightest neutralino using standard
technology [28] and found strong constraints on the resulting spectrum. In particular
for µ < 0 the lower limit on the relic abundance results in a lower limit on the
gravitino mass of about 200 GeV. In figs(5-7). we plot the relic abundance of the
lightest neutralino versus the gravitino mass for various values of tanβ for goldstino
angle of θ = 7pi
20
. We also note that for the allowed parameter space ΩLSPh
2 never
exceeds the upper limit of 0.4. However, for other values of the goldstino angle
the upper limit on ΩLSPh
2 can constrain the gravitino mass. The lower limit also
constrains the allowed values of the tanβ parameter even further. For instance one
can see from the plots that tanβ < 10 in order that ΩLSPh
2 ≥ 0.1. In the allowed
physical region direct detection rates are of order 10−2 − 10−4events/Kg/day. The
lightest Higgs mass mh is in the range 87GeV ≤ mh ≤ 115GeV , while the neutralino
mass is in the range 77GeV ≤ mχ0 ≤ 195GeV . At this point is worth mentioning
that if one chooses to run the soft masses from the mass R−111 ∼ O(1013)GeV instead
of 7.5 × 1015GeV the cosmological constraint ( 16) is very powerful and eliminates
all of the parameter space since the relic abundance is always much smaller than 0.1,
when θ = 7pi
20
. For µ > 0 the maximum gravitino mass above which me˜R < mχ01 or
mτ˜2 < mχ01 is smaller for fixed tanβ. Clearly this novel M-theory limit provide us
with a phenomenology distinct from the weakly coupled case 11 which should be a
subject of experimental scrutiny.
For other values of the goldstino angle for which scalar masses are comparable
to the gaugino masses (a case which is more similar to the weakly coupled limit
[21] in which m0 ∼ 1√3M1/2) we do not obtain constraints from the bounds on the
11Note however, that this M-theory limit is somewhat similar to the O-I orbifold model [21, 42]
and for a particular goldstino angle , different from the dilaton-dominated limit. On the other hand
the O-I model has non-universal soft supersymmetry- breaking terms at the string scale.
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mass of right handed selectrons and staus, but in this case the upper limit on the relic
abundance leads to an upper limit on the gravitino mass. For instance, for a goldstino
angle of θ = pi
4
(see fig.7) and tanβ = 2.5, the requirement that ΩLSPh
2 ≤ 0.4
results in m3/2 ≤ 365 GeV. This results in an upper limit for the lightest Higgs mass
mh ≤ 100GeV . The lower limit is now m3/2 ≥ 115 GeV. However, the LEP limit on
the chargino mass of 82 GeV requires that m3/2 ≥ 150 GeV. In this case the lightest
neutralino is in the range 52GeV ≤ mχ01 ≤ 148GeV forµ < 0. For µ > 0 we have
65GeV ≤ mχ01 ≤ 153GeV . Detection rates of the LSP for 73Ge detector are in the
range 6×10−2−10−4events/Kg/day for µ < 0 and O(10−3)−O(10−5 events/Kg/day
for µ > 0. For higher tan β values one can obtain higher detection rates.
For a goldstino angle θ = pi
8
, tanβ = 2.5, the upper limit on the relic abundance
leads to an upper limit on the gravitino mass m3/2 ≤ 360 GeV. As a result mχ10 ≤
119GeV andmχ±1
≤ 220 GeV for µ < 0. Similarly, mh ≤ 105GeV. For higher values of
tan β, i.e tan β = 15 the neutralino mass is 60 ≤ mχ01 ≤ 120 GeV and mh ≤ 125 GeV.
The detection rates have been calculated in three different nuclei 73Ge,131Xe,208 Pb
and are in the range of order 10−1 to order 10−4events/Kg/day. The higher the
atomic number of the target nuclei the higher the detection rate since the strength of
the scalar interaction is sensitive to the atomic number (see Fig.12 and the discussion
in section 4). The upper line corresponds to 208Pb and the lower to 73Ge. Also
the higher detection rates occur for low LSP mass (mχ01 ∼ 60GeV ) since for higher
LSP mass the LSP becomes more and more Bino and the interaction is suppressed.
The reader should bear in mind the important relationship mχ01 ∼ 12mχ±1 (11). That
relationship (11) can provide an important consistency check if a positive signal with
mχ01 ≤ 40 GeV is found. We also calculated the modulation effect in the total event
rate which is small (≤ 0.05).
In summary, we have analyzed the supersymmetric spectrum and the prop-
erties of the lightest neutralino (LSP) in the 11-dimensional limit of M-theory for
the extreme M-theory case in which α(T + T¯ ) = 2. The most striking result ,in the
case of small scalar masses compare with gluino masses, is that one obtains a limit
on tan β ≤ 13, since above that value the right handed selectron or the lightest stau
is the LSP, which is phenomenologically unacceptable since the LSP should be elec-
trically neutral [4, 20]. Also the cosmological constraint on the relic abundance of
the LSP results in a lower limit on the gravitino mass m3/2 ≥ 200GeV. This further
constrains tanβ; tanβ < 10. In this case the upper limit on the relic abundance is
not relevant since ΩLSPh
2 < 0.4 for goldstino angle θ = 7pi
20
and for all the allowed
values of tan β. Also the lower limit on the relic abundance excludes the case of
R−111 ∼ O(1013) GeV. The scenario with Bµ given by (7), and µ independent of, S
and, T is excluded since one has to go to non-perturbative Yukawa couplings in or-
der to obtain a value of tanβ consistent with Bµ as in (7). For a goldstino angle
of θ = (7.2)pi
20
the maximum value of gravitino mass for a fixed tanβ is much lower
(for µ > 0 the parameter space vanishes) from the requirement that the lightest
neutralino is the LSP and tanβ(max) ∼ 12. For other values of the goldstino an-
gle (which resemble more the weakly coupled Calabi-Yau compactifications for which
8
m0 =
1√
3
M1/2) the upper bound on the relic abundance results in an upper bound
on the gravitino mass. For a goldstino angle, θ = pi
4
and tanβ = 2.5 then we find
m3/2 ≤ 365GeV. For tan β = 12.5 the upper limit on the relic abundance leads to
an upper limit on the LSP mass of ∼ 160 GeV. Direct detection rates of the lightest
neutralino are in the range of 10−1 − 10−4events/Kg/day.
4 Direct detection
Detection of the LSP is a field in which particle physics, nuclear physics and cosmology
play important role in the analysis. Although there are uncertainties which stem from
all the above mentioned disciplines the main uncertainty arises from ignorance of the
supersymmetric parameters involved. A neutral LSP cannot be detected in collider
experiments because of its stability. Experimental detection is therefore focused on
underground detectors. There are two main methods, direct detection of the nuclear
recoil of order (10KeV ) induced by the weak interaction of the LSP with the nucleus
[29] and indirect detection which measures the upward muon flux from energetic
neutrinos of order 100 GeV resulted from capture of LSP in massive objects like the
sun or earth [30].
The typical cross section involved is σ0 ∼ 10−38cm2, and for an LSP in the
halo with a typical mass of 100GeV interacting with a 76Ge nucleus of mass 67.9
GeV and moving with a velocity v of 300Km/sec this leads to a detection rate of
∼ 1event/Kg/year. In what follows we will describe in detail the microscopic in-
teractions of LSP with matter and the process of translating these interactions to
the nuclear level[31, 32, 33, 34, 35, 36, 37, 38, 40, 42, 41, 17, 43, 44]. Because the
neutralino is a Majorana particle it does not lead to vector interactions with matter
because of the identity
χ¯01γ
µχ01 = 0 (17)
This property is important since it makes the observation of LSP a very difficult
experimental task. The fundamental interaction of χ01 with quarks involves three
possibilities: exchange of Z boson, s-quark exchange and Higgs exchange. The total
interaction is of the form
Leff = L(SD)eff + L(SI)eff (18)
where L(SD)eff is a spin dependent interaction and L(SI)eff is a spin independent part. In
the following we describe in detail the above mentioned three possibilities.
4.1 The Z-exchange contribution
This can arise from the interaction of Higgsinos with Z. The relevant microscopic
Lagrangian reads:
L = g
cos θW
1
4
(|N31|2 − |N41|2)χ¯01γµγ5χ01Zµ (19)
9
q q
Z
χ χ
q~
χ χ
q q
Figure 1: Spin dependent scattering of χ from quarks
which leads to the effective 4-fermion interaction
Leff = g
cos θW
1
4
2(|N31|2 − |N41|2)(− g
2 cos θW
1
q2 −M2Z
χ¯01γ
µγ5χ
0
1)J
Z
µ (20)
where N31 and N41 are defined as in Eq.(15). The neutral hadronic current J
Z
λ is
given by
JZλ = −q¯γλ
{1
3
sin2 θW −
[1
2
(1− γ5)− sin2 θW
]
τ3
}
q (21)
at the nucleon level it can be written as
J˜Zλ = −N¯γλ
{
sin2 θW − gV (1
2
− sin2 θW )τ3 + 1
2
gAγ5τ3
}
N (22)
Consequently the effective Lagrangian can be written
Leff = −GF√
2
(χ¯01γ
νγ5χ01)Jν(Z) (23)
where
Jν(Z) = N¯γλ[f
0
V (Z) + f
1
V (Z)τ3 + f
0
A(Z)γ5 + f
1
A(Z)γ5τ3]N (24)
and
f 0V (Z) = 2(|N31|2 − |N41|2)
M2Z
M2Z − q2
sin2 θW
10
f 1V (Z) = −2(|N31|2 − |N41|2)
M2Z
M2Z − q2
gV (
1
2
− sin2 θW )
f 0A(Z) = 0
f 1A(Z) = 2(|N31|2 − |N41|2)
M2Z
M2Z − q2
1
2
gA (25)
with gV = 1.0, gA = 1.24. For the Z-exchange (19) we see that this exchange not only
depends on the Higgsino component of the neutralino but on their mismatch as well.
This interaction is suppressed for an LSP which is almost Bino i.e χ01 ∼ B˜, since the
mixing couplings N31, N41 are small. Nevertheless in some regions of the parameter
space N31 ∼ 0.2 and N41 ∼ 0.01 and therefore this interaction is not entirely negligible
although much smaller than the scalar interaction.
4.2 The squark mediated interaction
The effective Lagrangian at the nucleon level in this case is given [34] by
Leff = −GF√
2
(χ¯01γ
λγ5χ01)Jλ(q˜) (26)
Jλ(q˜) = N¯γλf
0
V (q˜) + f
1
V (q˜)τ3 + f
0
A(q˜)γ5 + f
1
A(q˜)γ5τ3N (27)
with
f 0V = 6(β0R − β0L), f 1V = 2(β3R − β3L)
f 0A = 2gV (β0R + β0L), f
1
A = 2gA(β3R + β3L) (28)
with
β0R = (
4
9
χ2u˜R +
1
9
χ2
d˜R
|N11 tan θW |2
β3R = (
4
9
χ2u˜R −
1
9
χ2
d˜R
|N11 tan θW |2
β0L = |1
6
N11 tan θW +
1
2
N21|2χ2u˜L + |
1
6
N11 tan θW − 1
2
N21|2χ2d˜L
β3L = |1
6
N11 tan θW +
1
2
N21|2χ2u˜L − |
1
6
N11 tan θW − 1
2
N21|2χ2d˜L (29)
with
χ2qL = cos θ
2
q˜
M2W
mq˜12 − q2
+ sin θ2q˜
M2W
mq˜22 − q2
χ2qR = sin θ
2
q˜
M2W
mq˜12 − q2
+ cos θ2q˜
M2W
mq˜22 − q2
(30)
where q˜1,2 are the squark mass eigenstates and θq˜ the squark mass matrices mixing
angles.
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q q
H, h
χ χ
q~
q q
χ χ
Figure 2: Diagrams contributing to the scalar scattering of χ with quarks
4.3 The intermediate Higgs contribution
The scalar interaction receives contributions from Higgs exchange and from the squark
exchange. We first describe the Higgs exchange.
LHχ01χ01 =
g√
2
((N21 − tan θWN11)N41χ¯01Rχ01LH0∗2
− (N21 − tan θWN11)N31χ¯01Rχ01LH0∗1 ) + h.c (31)
If we express the fields H0∗1 , H
0∗
2 in terms of the mass eigenstates h,H,A we get
12
Leff = −GF√
2
χ¯01χ
0
1N¯ [f
0
s (H) + f
1
s (H)τ3]N (32)
where
f 0s (H) =
1
2
(gu + gd) + gs + gc + gb + gt (33)
f 1s (H) =
1
2
(gu − gd) (34)
with
gai =
[
g1(h)
cosα
sin β
+ g2(H)
sinα
sinβ
]mai
mN
, ai = u, c, t (35)
12the term which contains A will be neglected since it yields only a pseudoscalar coupling which
does not lead to coherence
12
gfi =
[
−g1(h) sinα
cos β
+ g2(H)
cosα
cos β
]mfi
mN
, fi = d, s, b (36)
g1(h) = 4(N11 tan θW −N21)(N41 cosα +N31 sinα)mNMW
m2h − q2
(37)
g2(H) = 4(N11 tan θW −N21)(N41 sinα−N31 cosα) mNMW
m2H − q2
(38)
where mN is the nucleon mass, mh, mH are the one-loop corrected lightest and heavier
Higgs CP-even mass eigenstates and α is the Higgs mixing angle which at tree level
is given by
cos 2α = − cos 2β
(
m2A −M2Z
m2H −m2h
)
(39)
However, we determine the Higgs mixing angle numerically by diagonalizing the one-
loop CP -even Higgs mass matrix since as has been emphasized in [36] the determi-
nation of the Higgs mixing angle by inserting the one-loop values in the tree-level
expression (39) leads to erroneous results.
We note that the scalar interaction involves an interference of the gaugino and
the Higgsino components. Thus if the LSP were to be strictly a Bino or a Higgsino
, the scalar interaction would vanish and the neutralino-nucleus scattering would be
strictly governed by the spin dependent interaction. However, such a situation is never
realized and the scalar interaction plays the dominant role in the event rate analysis
of the effective supergravity from M-theory. At this point we must emphasize that
the coherent interaction depends very much on the nuclear model. If only the up
and down quarks contribute to the nucleon mass and mu = 5MeV,md = 10MeV one
finds [45]
f 0s = 1.86(gu + gd)/2, f
1
s = 0.49(gu − gd)/2 (40)
In this case the interaction is small. However, if heavier quarks are also involved
due to QCD effects, one obtains the pseudoscalar Higgs-nucleon interaction f 0s (H) by
using effective quark masses as follows
mu → fumN , md → fdmN , ms → fsmN , mQ → fQmN for heavy quarks (c, b, t)
(41)
where mN is the nucleon mass. The isovector contribution is now negligible. The
parameters f can be obtained by chiral symmetry breaking terms in relation to phase
shift and dispersion analysis. Following Cheng we obtain
fu = 0.021, fd = 0.037, fs = 0.140 (42)
As pointed by Shifman, Vainstein, and Zakharov, heavy quarks contribute to the
mass of the nucleon through the anomaly [46]. Under the heavy quark expansion,
the following substitution can be made for the heavy quarks Q = c, b, t, in a nucleon
matrix element [46]
mQQ¯Q→ −2αS
24pi
GG (43)
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so we find that for each of the heavy quarks, Q = c, b, t [28],
< N |mQQ¯Q|N >= 2
27
mN
[
1− ∑
q=u,d,s
fNq
]
(44)
with G the QCD field strength.
In the case of the scalar interaction, the sum over all quarks in the nucleus
produces a mass factor A, which enhances the contribution of the scalar term. Thus
the heavier the nucleus the more sensitive it is to the spin-independent scattering.
We can also a have a small scalar contribution from the squark exchange, as
was first observed by Griest [31], in which the effective Lagrangian at the nucleon
level is
L = GF√
2
[f 0S(q˜)N¯N + f
1
s (q˜)N¯τ3N ]χ¯
0
1χ
0
1 (45)
with f 0s (q˜) = 1.86β+ and f
1
s (q˜) = 0.48β− [45] with
β± =
1
3
tan θWN11{2 sin 2θu˜[1
6
N11 tan θW +
1
2
N21]∆u˜
∓ sin 2θd˜[
1
6
N11 tan θW − 1
2
N21]∆d˜} (46)
4.4 The nuclear matrix elements
Combining the results of the previous subsections we can write
Leff = −GF√
2
{
(χ¯01γ
λγ5χ
0
1)Jλ + (χ¯
0
1χ
0
1)J
}
(47)
where
Jλ = N¯γλ(f
0
V + f
1
V τ3 + f
0
Aγ5 + f
1
Aγ5τ3)N (48)
with
f 0V = f
0
V (Z) + f
0
V (q˜), f
1
V = f
1
V (Z) + f
1
V (q˜)
f 0A = f
0
A(Z) + f
0
A(q˜), f
1
A = f
1
A(Z) + f
1
A(q˜) (49)
and the scalar interaction is given by
J = N¯(f 0s + f
1
s τ3)N (50)
The total cross section can be cast in the form [28, 43] 13
13Note that form factors have been introduced in (51) to take into account the fact that when
the LSP and the detector nuclei have masses in the 100GeV range the scattering becomes more
complicated because, though the energy transferred to the nucleus is still very small, the three-
momentum transfer q ≡ |q| ≤ 2µv ( where µ is the reduced mass and v ∼ 10−3c is the average
galactic neutralino velocity) can be larger than the inverse size of the nucleus [47].
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σ = σ0(
mχ01
mN
)2(
1
(1 + η)2
{
A2[[β2(f 0V − f 1V
A− 2Z
A
)2
+ (f 0s − f 1s
A− 2Z
A
)2]I0(u0)− β
2
2
2η + 1
(1 + η)2
(f 0V − f 1V
A− 2Z
A
)2I1(u0)]
+ (f 0AΩ0(0))
2S00(u0) + 2f
0
Af
1
AΩ0(0)Ω1(0)S01(u0)
+ (f 1AΩ1(0))
2S11(u0)
}
(51)
where
σ0 =
1
2pi
(GFmN)
2 ∼ 0.77× 10−38cm2 (52)
and
η =
mχ01
mNA
; q0 = β
2mχ01c
1 + η
(53)
and the dimensionless quantity u0 is defined as [43]
u0 = q
2
0b
2/2 (54)
with b ∼ 1.0A1/6fm and A = Z + N is the atomic number of the nuclei. The form
factors entering (51) are defined as
Iρ = (1 + ρ)u
−(1+ρ)
0
∫ ∞
0
x1+ρ|F (x)|2dx, ρ = 0, 1 (55)
where F (q) is the nuclear form factor. Another appropriate form factor is the Woods-
Saxon form factor [47]
IWS =
3j1(qR0)
qR0
exp[−1
2
(qs)2] (56)
or using appropriate expressions for the form factors [39](in a harmonic oscillator
basis with size parameter b)
Iρ =
1
A2
{
Z2I
(ρ)
ZZ(u0) + 2NZI
(ρ)
NZ(u0) +N
2I
(ρ)
NN (u0)
}
(57)
where
I
(ρ)
αβ (u0) = (1 + ρ)
Nmax(α)∑
λ=0
Nmax(β)∑
ν=0
θ
(α)
λ
α
θ(β)ν
β
2λ+ν+ρ(λ+ ν + ρ)!
u1+ρ0
× [1− e−u0
λ+ν+ρ∑
k=0
uκ0
κ!
] (58)
We exhibit the dependence of the scalar form factors I0 on the LSP mass in fig.
(8)-(10) for three different nuclei.
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Since the LSP is moving with velocity vZ with respect to the detector nuclei
the detection rate for a target with mass m is given by
R =
dN
dt
=
ρ0
mχ01
m
Amp
∫
f(v)|vz|σ(|v|)d3v (59)
where ρ0 = 0.3GeV/cm
3 is the local LSP density in our vicinity which has to be
consistent with a Maxwell distribution
f(v′)d3v′ = (
√
piv0)
(−3)e(−v
′/v0)2d3v′ (60)
and
v0 =
√
(2/3) < v2 > = 220Km/s (61)
More realistically, one should take into account the motion of the Sun and
Earth. This increases the total event rate and gives rise to a yearly modulation in
the event rate which might serve as a method of distinguishing signal from noise if
many events are found [48]. Following Freese, Frieman and Gould and Sadoulet [48],
one subtracts the Earth velocity vE from v
′ in (60) to get the velocity v of the LSP
in the Earth frame.
v′ = v + vE, v
′2 = v2 + v2E + 2vvE cosχ (62)
where χ is the angle between the LSP velocity in the Earth frame and the direction
of the Earth’s motion. As a function of time, vE changes as the Earth’s motion comes
into and out of alignment and the event rate peaks around second of June. This is
taken into account using
vE = v0
[
1.05 + 0.07 cos
(2pi(t− tp)
1yr
)]
(63)
where tp = June2
nd ± 1.3days. Changing variables, and integrating over angles one
obtains
f1(v)dv =
vdv
vEv0
√
pi
{
e
− (v−ve)2
v2
0 − e−
(v+vE )
2
v2
0
}
(64)
Assuming a Gaussian parametrization for the form factors [32] and averaging over the
Maxwellian distribution of dark matter velocities the total scattering rate is given by
R = (RS.I +RS.D)
4mχ01mA
(mχ01 +mA)
2
× ρ0
0.3GeV cm−3
|VE|
320kms−1
events
Kgd
(65)
where the
RS.I = 840m
2
AM
4
Zζ |AS.I|2 (66)
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and
ζ =
0.573
b
(
1− exp[−b/(1 + b)]√
1 + b
erf(1/
√
1 + b)
erf(1)
)
(67)
is a form factor with
b =
m2χ01
m2A
((mχ01 +mA)
2
8
9
σ2r2charge (68)
where σ = 0.9 10−3 is the velocity dispersion and rcharge = (0.3 + 0.89A1/3)fm.
5 Conclusions
In this work we have analysed the supersymmetric particle spectrum of the extreme
M-theory case (α(T + T¯ ) = 2) with the requirement that the lightest supersymmetric
particle is the dominant component of the dark matter in the universe. We also cal-
culated in detail the detection rates of direct interaction of neutralinos with various
nuclei 131Xe,73Ge,208 Pb. The LSP in the effective supergravity from M-theory is
almost a Bino. This has the important effect that the scalar component (through
Higgs exchange) is the dominant interaction of the LSPs with terrestrial nuclei. The
strength of this interaction is such that this should be detectable in the near future
by nuclei with large atomic number A, since these nuclei are more sensitive to the
scalar interaction as illustrated in Fig.12. We obtain maximum event rates of order
50events/Kg/year for large values of tanβ and lightest chargino mass of order 100
GeV. The detection rates depend also on the sign of the µ parameter as well the nu-
cleon model . Therefore the allowed parameter space can be limited by experimental
investigation. We also calculated the magnitude of the modulation effect due to the
annual revolution of Earth which is small (≤ 0.05).
In the scenario with small scalar masses compare to gaugino masses, i.e m0 ≪
M1/2 the parameter tan β is constrained to be small, i.e tanβ ≤ 12 from the require-
ment that the LSP should be the lightest neutralino. After imposing the limits on the
relic abundance of the lightest neutralino the upper limit on tanβ becomes smaller
(tanβ ≤ 10).
For scenarios with scalar masses comparable to the gaugino masses at the
unification scale the upper limit from cosmology on the relic abundance of the LSP
imposes an upper bound on the gravitino mass and gluino masses.
The above results motivate the investigation of the effect of CP violating phases
in the soft supersymmetry-breaking terms on the detection rates as well as the inves-
tigation of the size of the modulation effect on the differential event rate. The above
will be the subject of a future publication [49].
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Figure 8: Form factor I0(u0) versus LSP mass for
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Figure 10: Form factor ζ for 131Xe nuclei
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